We examined the possibility that the cutaneous permeability barrier regulates epidermal DNA synthesis in two acute and two chronic models of barrier perturbation. In animals treated topically with acetone, DNA synthesis is increased 102%, in tape-stripped animals 127%, in essential fatty acid deficient animals 50%, and in animals chronically treated with topical lovastatin 64%. This linkage between disturbances in barrier function and increased DNA synthesis is further supported by specific and correlative observations: (a) in these disparate models, artificial replacement of the barrier with a water-impermeable membrane inhibits the expected increase in DNA synthesis; (b) the extent of the burst in DNA synthesis is proportional to the degree of barrier abrogation; (c) the inhibition of DNA synthesis by membranes is directly related to the degree of permeability of these occlusive membranes, i.e, the more impermeable the greater the degree of inhibition; (d) topical treatment with lipids that restore barrier function corrects the increase in DNA synthesis; and (e) barrier abrogation with acetone produces an increase in epidermal DNA synthesis without altering bulk protein synthetic rates in contrast to events known to follow injury or cell replacement. Autoradiographic studies show that the increase in DNA synthesis after acetone treatment is limited to the epidermal basal layer. This constellation of findings strongly suggests that cutaneous barrier function is one factor that regulates epidermal DNA synthesis. (J. Clin.
Introduction
The main function of the skin is to generate an external layer, the stratum corneum, which separates the internal and external milieu ofthe organism. The stratum corneum is organized into a heterogeneous two-compartment system of protein-enriched cells embedded within an intercellular matrix enriched in hydrophobic lipids, organized into extensive lamellar sheets, which are thought to regulate epidermal barrier function (reviewed in 1, 2). Previous studies have shown that various perturbations in epidermal baffler function, including topical applications of organic solvents, detergents, or in essential fatty acid deficiency (EFAD),' induce a transient burst of lipid syn-stripping (7) (8) (9) (10) or in EFAD (11) (12) (13) , abnormal barrier function is known to be accompanied by epidermal hyperplasia. Whereas such hyperplasia is generally assumed to represent either a nonspecific response to injury or a requirement for cell replacement (e.g., [14] [15] [16] [17] [18] [19] , we noted incidentally that even acetone treatment, which is not accompanied by histological evidence of epidermal injury or cell removal, also appears to provoke histologic evidence of epidermal hyperplasia. This observation prompted us to search for a direct link between baffler function and epidermal DNA synthesis.
Methods
Experimental design. Acute disruption of the permeability barrier was achieved by: (a) unilateral treatment of hairless mice (Hr/Hr, Jackson Laboratory, Bar Harbor, ME) with absolute acetone, while the contralateral (control) side was treated with an equivalent number of applications of 0.9% sodium chloride alone (3) (4) (5) ; and (b) successive applications of cellophane tape (Scotch-type). Both methods produced greatly elevated transepidermal water loss (TEWL) levels (Table I) , measured with an electrolytic water analyzer (Meeco, Warrington, PA), indicative of barrier disruption (3) (4) (5) (6) . Some (26) . Protein synthesis measurements. At the times indicated after acetone treatment the mice were killed and skin from the treated and saline control flanks were removed. Each skin sample was incubated for 2 h at 370C in 2 ml ofkeratinocyte growth medium (27) , containing 20 ,Ci of [35S]methionine. After incubations the epidermis was isolated by heat treatment (60'C for 60 s), as described previously (3) (4) (5) (6) . The epidermal samples were homogenized and the incorporation of radiolabel into protein was determined following TCA precipitation, as described above. Total protein was determined using a BCA protein assay reagent (Pierce Chemical Co., Rockford, IL).
Microscopy and autoradiography. Biopsies were taken for: (a) light microscopy (hematoxylin and eosin staining) of the skin of acetone treated, and control sites immediately after and 24 h after treatment; and (b) autoradiography 2 h after intradermal administration of Statistical significances were determined using either a two-tailed or paired Student's t test.
occluded with an impermeable Latex wrap TEWL did not decrease; TEWL levels were still markedly elevated after 20 h. This confirms previous studies in the acetone model (5) demonstrating that barrier function does not recover when an artificial barrier is provided. Similar to observations reported by others (7-10), tape-stripping produced a 127% increase in DNA synthesis 18 h after treatment. Most importantly, this increase was greatly reduced by artificial restoration of barrier function by occlusion (Fig. 1 A) . Thus, in two acute models of barrier disruption, artificial provision of a barrier diminishes both barrier repair and the increase in DNA synthesis.
As with tape-stripping, acetone treatment stimulated DNA synthesis, reaching a maximum of 102±1 1% over control at 20 h (Fig. 1 B) . Moreover, artificial restoration ofbarrier function by occlusion with a water-impermeable membrane largely blocked the expected increase in DNA synthesis (Fig. 1 B) . In contrast to the impermeable membrane, occlusion with a largely water vapor-permeable membrane (Goretex) produced only a slight decrease in the expected burst in DNA synthesis (Latex: 75% inhibition; Goretex: 25% inhibition). As described in detail previously, occlusion with a vapor-impermeable membrane prevents the characteristic repair ofthe barrier that occurs in response to acetone treatment, whereas occlusion with a vapor-permeable membrane does not (5 6.71±0.82 cpm/gg DNA/h; NS). Finally, the extent of the increase in DNA synthesis correlated directly with the degree of barrier disruption in both acetone and tape stripping models, i.e., the more extensive the degree of barrier disruption, the greater the burst in DNA synthesis (acetone: Fig. 2 , r = 0.94; P < 0.01; tape-stripping: Fig. 3 , r = 0.91; P < 0.01).
In contrast to the burst in DNA synthesis that follows acetone treatment, no significant changes were observed in bulk
Results
To determine whether the proliferation that occurs after tape stripping is a nonspecific response to injury, cell replacement, altered cellular metabolism, or whether it occurs as a result of barrier perturbation, we compared both barrier recovery and DNA synthesis after barrier disruption by tape-stripping in unoccluded vs. occluded animals. Tape-stripping resulted in a marked increase in TEWL (Table I) . Over time, TEWL decreased so that by 28 h TEWL rates were 95±25 ppm/0.5 cm2/ h in air-exposed animals. In contrast, in tape-stripped animals (Fig. 4) . The next series of experiments were designed to determine the effect of occlusion with impermeable membranes for varying intervals on DNA synthesis. Acetone treatment produced an 81% increase in DNA synthesis and Latex occlusion from immediately after treatment (0 time) to the end of the experiment (20 h) reduced this increase to 34% (Table II) . Occlusion from 0 to 13 h did not prevent the increase in DNA synthesis, but prolongation of occlusion to 16 h was partially inhibitory (54% increase). These results demonstrate that occlusion for > 13 h is required to prevent the stimulation ofDNA synthesis.
To gain further insights into the effects ofbarrier disruption on DNA synthesis, animals were occluded from 4 to 20, 7 to 20, and 10 to 20 h. As shown in Table II , occlusion beginning at either 7 or 10 h had no effect on the subsequent burst in DNA synthesis. In contrast, animals occluded from 4 to 20 h displayed a slight decrease in DNA synthesis, which did not achieve statistical significance. In EFAD animals, who display chronic disruption of barrier function, epidermal DNA synthesis was increased by 50% vs. normal (Fig. 1 C) . Once again, this increase in DNA synthesis was reversed by occlusion with a vapor-impermeable wrap. Moreover, topical replenishment with either linoleic acid or columbinic acid, both ofwhich normalized barrier function (data not shown), reduced DNA synthesis (Fig. 1 C) Repeated topical applications of lovastatin to hairless mouse skin also produced a progressive defect in barrier function. By 7 d, TEWL rates were increased over vehicle-treated, control sites (control: 12±2 vs. lovastatin: 410±64 ppm/0.5 cm2/h; P < 0.01). This change in barrier function was accompanied by a 64% increase in DNA synthesis over control sites. Occlusion for 24 h resulted in a 24% decrease in DNA synthesis in the lovastatin-treated animals. These results demonstrate the relationship ofbarrier function and epidermal DNA synthesis in two chronic models of barrier dysfunction.
As previously reported (3), the histology of acetone-treated epidermis revealed an intact stratum corneum with no evidence of epidermal injury (not shown). At 24 h, a slight increase was evident in the number of nucleated cell layers, a finding that was accompanied by increased incorporation of [3H]thymidine limited to the basal cell layer (Fig. 5) . In vehicle- treated animals 14.3% of the basal cells were labeled, while in the acetone-treated animals 43.5% of the cells were labeled.
Discussion
The suggestion that barrier function is linked to epidermal DNA synthesis is not new (9, 10 ). Yet, despite this previous work, the potential relationship of barrier function and epidermal DNA synthesis has been largely overlooked; in current text books and comprehensive review articles the earlier suggestion that barrier requirements might regulate epidermal DNA synthesis is ignored. Instead, it is generally assumed that cell replacement, i.e., desquamation, is the principal regulator (14) (15) (16) (17) (18) (19) . It is likely that because the earlier studies (9, 10) used tape-stripping as the sole model, the observations linking barrier dysfunction to epidermal DNA synthesis were ascribed to cell injury or the need for cell replacement rather than barrier function. Our results mandate reexamination of this issue since our experiments clearly demonstrate in four different experimental models that increases in epidermal DNA synthesis are associated with a perturbed barrier. In animals treated topically with acetone, DNA synthesis increased 102%, in tape-stripped animals 127%, in EFAD animals 50%, and in animals treated chronically with topical lovastatin 64%. However, in each of these models alternative explanations, other than disturbances in barrier function, could be advanced to account for the increase in DNA synthesis. For example, in the tape-stripped model cell replacement can be invoked, while in the acetone model cellular injury could be a factor despite the absence of histologic evidence ofcytotoxicity (3). In EFAD animals, nutritional deficiency leads to a paucity of cell regulatory eicosanoids (23, 24) , and this could be an alternate cause-for epidermal hyperplasia. However, it is noteworthy that in each of these disparate models, artificial replacement ofthe barrier by occlusion with a water vapor-impermeable wrap inhibited the expected increase in DNA synthesis. However, it is unlikely that occlusion would correct each of the potential, alternate causes for increased DNA synthesis that might coexist in each ofthese models. Rather, it seems more likely that it is the perturbation in barrier function in these models that stimulates DNA synthesis, and this abnormality is corrected by occlusion with vaporimpermeable membranes. It is important that occlusion per se is not the explanation for this decrease because in animals with a normal barrier DNA synthesis is not altered by prolonged occlusion. Moreover, occlusive membranes that are permeable to water vapor produce only moderate decreases in the expected burst of DNA synthesis suggesting that the inhibition is not a nonspecific effect of occlusion. Furthermore, even these moderate decreases in DNA synthesis with water vapor-permeable membranes can be explained by the partial ability ofthese membranes to modulate rates oftranscutaneous water loss (5) .
Further evidence for a specific relationship between barrier function and epidermal DNA synthesis comes from several other observations. First, the response to acetone treatment is limited to DNA synthesis; no change occurs in bulk protein synthesis at comparable time points. Since protein denaturation is an obligate component of most forms of acute epidermal injury (28) , one would expect a repair response, reflected by increased protein synthesis, ifacetone treatment had caused substantial injury. Thus, the absence of a protein response, coupled with a significant burst in DNA biosynthesis, further points to the link between barrier homeostasis and DNA synthesis. Second, the extent of the burst in DNA synthesis is proportional to the degree of barrier abrogation induced by either acetone treatment or tape stripping. Third, the inhibition of DNA synthesis by membranes is directly related to the degree of permeability of these membranes to water vapor; i.e., the more impermeable the greater the inhibition. Fourth, the observation that topical treatment with linoleic acid and columbinic acid in EFAD animals corrects both the barrier defect and the increase in DNA suggests a specific relationship. Previously, the hyperplasia in EFAD has been ascribed to a failure to generate PGE2 and other regulatory eicosanoids derived from linoleic acid (23, 24) . Like linoleic acid, columbinic acid corrects the barrier abnormality in EFAD, but unlike linoleic acid it cannot be metabolized to PGE2 (21, 22), and does not correct the underlying metabolic abnormality. Yet, we have confirmed that this agent not only corrects the barrier in EFAD animals (21, 22), but also that it effectively reverses the accelerated rate ofDNA synthesis. Moreover, lipids that do not correct barrier function (PGE2) do not inhibit DNA synthesis. Thus, these experiments not only help to dispel the notion that the barrier defect in EFAD is due to hyperplasia, but theysalso demonstrate the reverse; i.e., that the increase in epidermal DNA synthesis in this model is largely a response to barrier disruption, just as in the acute models.
Finally, the simultaneous occurrence of both a defect in barrier function and increased epidermal DNA synthesis also is observed in animals treated topically for several days with lovastatin. We have recently reported that repeated applications of lovastatin, a potent inhibitor of hydroxymethyl-glutaryl CoA reductase (29) , to intact skin produces a progressive defect in barrier function (30) . Since lovastatin is known to decrease the synthesis of mevalonate, which is required for DNA synthesis (reviewed in 31, 32), one would expect that epidermal DNA synthesis should be decreased. Yet, as observed here and elsewhere (30), the barrier abnormality in lovastatin-treated animals is accompanied by an increase in epidermal DNA synthesis. This provides further support for the linkage ofbarrier dysfunction and increased epidermal DNA synthesis.
Because ofthe association of hyperplastic dermatoses, such as EFAD, psoriasis, and the eczemas with abnormal barrier function (33, 34) , it also is widely held that epidermal hyperplasia is not a normal physiologic response, but that it may instead provoke abnormal barrier function and disease manifestations (33, (35) (36) (37) (38) (39) . Although our studies do not directly address the role of epidermal hyperplasia in disease pathogenesis, they do suggest alternatively that the epidermal hyperplasia that accompanies these diseases may be a consequence of a primary alteration of barrier function; i.e., they may represent an abortive attempt at barrier restoration.
Whereas prior studies have shown that transepidermal water loss is the regulatory signal for barrier repair, previously this signal had been linked solely to epidermal lipid biosynthesis (3) (4) (5) (6) . We have shown here that barrier perturbation is followed by a two-tiered response, the previously described, immediate burst in epidermal cholesterol and fatty acid synthesis, which largely returns to normal by 5-8 h (3, 4) and several hours later by a burst in DNA synthesis. It is pertinent that, although barrier function returns towards normal in parallel with the lipid biosynthetic response, complete normalization of the barrier, even in the acetone model, requires over 30 h (3) (4) (5) . Hence, the hyperplastic response may represent a latephase repair mechanism propelling an additional pool of cells, required for the final stages of barrier repair, into the outer strata of the epidermis. Moreover, the newly generated cells also represent an additional, potential source of lipid biosynthetic activity. Thus, it seems likely that epidermal hyperplasia is an important component of the process of barrier maintenance and repair.
Finally, it should be noted that occlusion partially corrected but did not completely normalize DNA synthesis in either of the acute models (Fig. 1, A and B) . Several factors, other than barrier function, are known to stimulate epidermal DNA synthesis. Cytokines and other growth factors (40) , retinoids (41), tumor promoters, such as phorbol esters (42) , ultraviolet irradiation (43) , and extracellular calcium (44) represent examples that are well-known to regulate keratinocyte replication. Hence, it is likely that barrier requirements represent only one of several factors that regulate epidermal DNA synthesis.
